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Abstract
The reactions e+e− → NN at energy threshold are studied in a non-perturbative quark model.
The puzzling experimental result that σ(e+e− → pp)/σ(e+e− → nn) < 1 can be understood in
the framework of the phenomenological nonrelativistic quark model and the theoretical predictions
for the time-like proton form factor at energy threshold are well consistent with the experimental
data. The work suggests that the two-step process, in which the primary qq pair forms first a
vector meson which in turn decays into a hadron pair, is dominant over the one-step process in
which the primary qq pair is directly dressed by additional qq pairs to form a hadron pair. The
experimental data on the reactions e+e− → nn and pp strongly suggest the reported vector meson
ω(1930) to be a 2D-wave particle, while the vector meson ρ(2000) is preferred to be a mixture of
3S and 2D states.
PACS numbers: 13.66.Bc, 14.20.Dh, 14.40.Cs, 12.39.Jh
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I. INTRODUCTION
Experimental data on the reaction e+e− → nn from the FENICE collaboration [1], earlier
data on the reaction e+e− → pp from the FENICE [2] and DM2 collaborations [3], data
collected at the LEAR antiproton ring at CERN on the time-reversed reaction pp→ e+e− [4],
and also recent measurements from the BES Collaboration [5] and the BaBar Collaboration
[6], which are summarized in FIG.1, indicate at energies around the NN threshold with
Ec.m. ∼ 2 GeV
σ(e+e− → pp)
σ(e+e− → nn) < 1. (1)
Averaging over the FENCICE, DM2 and LEAR data [1, 2, 3, 4] on both the direct and
time-reversed reactions, the work [7] finds that the ratio is 0.66+0.16−0.11.
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FIG. 1: Comparison of the cross sections for e+e− → pp and e+e− → nn at the NN threshold
region. The squares [1] are for the reaction e+e− → nn while other symbols are for the reaction
e+e− → pp.
In a naive perturbative description of electron-positron annihilation into baryons the
virtual time-like photon first decays into a quark-antiquark pair, then the quark-antiquark
pair is dressed by two additional quark-antiquark pairs excited out of the vacuum to form
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a baryon pair. The dressing process does not distinguish between u and d quarks at high
momentum transfers since in the description of perturbative QCD the gluon couplings are
flavor blind. In the conventional perturbative picture the only difference between the proton
and neutron production arises from the different electric charges of the primary quark-
antiquark pairs. One expects to get
σ(e+e− → pp)
σ(e+e− → nn) > 1 (2)
at large momentum transfers where the u quark contribution dominates in the proton and
the d quark in the neutron.
The reaction e+e− → NN at energies around the NN threshold is highly nonperturba-
tive, hence the problem must be tackled in a nonperturbative manner. In this work we model
the reactions by the nonperturbative 3P0 quark dynamics which describes quark-antiquark
annihilation and creation. It was shown that the 3P0 approach is phenomenologically suc-
cessful in the description of hadronic couplings [8, 9, 10].
The reaction e+e− → NN may arise from two different processes: (1) the primary qq
pair is dressed directly by two additional quark-antiquark pairs created out of the vacuum
to form a baryon pair; and (2) the primary qq pair forms a virtual vector meson first, then
the virtual vector meson decays into a baryon pair. We expect that the second process is
dominant over the first because of the considerable success of the vector dominance model.
The importance of the second process is also discussed in the work [7]. Our work is arranged
as follows: We study the reaction e+e− → NN in the one-step and two-step processes in
Sec. II and III, respectively. We give our conclusions in Sec. IV.
II. REACTION e+e− → NN IN ONE-STEP PROCESS
The reaction e+e− → NN may arise from the following process: the e+e− pair annihilates
into a virtual time-like photon, the virtual photon decays into a qq pair, and finally the qq
pair is dressed by two additional quark-antiquark pairs created out of the vacuum to form
a nucleon-antinucleon pair, as shown in FIG.2. We refer to this process as the one-step
reaction. The transition amplitude is expressed formally as
T = 〈NN |Vqq|qq〉〈qq|G|qq〉〈qq|T |e+e−〉 (3)
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FIG. 2: One-step process in which the primary qq pair is directly dressed by additional qq pairs to
form a hadron pair.
where 〈qq|T |e+e−〉 is simply the transition amplitude of e+e− to a primary quark pair,
〈qq|G|qq〉 is the Green function describing the propagation of the intermediate qq state and
〈NN |Vqq|qq〉 denotes the amplitude of the process of a qq pair to a NN pair. Vqq is the
effective vertex for creation and destruction of two quark-antiquark pairs in quark models,
which is identified in the context of the 3P0 quark-antiquark dynamics. The effective vertex
Vqq takes the form
Vqq ≡ V25V34 (4)
with
Vij = λij~σij · (~pi − ~pj)FˆijCˆijδ(~pi + ~pj)
= λij
∑
µ
√
4π
3
(−1)µσ−µij Y1µ(~pi − ~pj)FˆijCˆijδ(~pi + ~pj) (5)
where λij is the effective coupling constant for creating quark i and antiquark j, ~pi and
~pj are the momenta of quark and antiquark created out of the vacuum. σ
−µ
ij , Fˆij, Cˆij are
respectively the the spin, flavor and color operators, projecting a quark-antiquark pair to the
respective vacuum quantum numbers. The operations of flavor, color, and spin operators
onto a qq pair are
〈0, 0|Fˆij| [ ti ⊗ tj ]T,Tz〉 =
√
2δT,0δTz ,0,
〈0, 0|Cˆij|qiαq¯jβ〉 = δαβ ,
〈0, 0|σ−µij | [χi ⊗ χj]JM〉 = (−1)M
√
2δJ,1δM,µ (6)
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where ti(ti) and χi(χi) are respectively the flavor and spin states of quark (antiquark), α
and β the color indices, and T and Tz the total isospin and its projection of the qq pair.
To evaluate the transition amplitude one needs also a knowledge of the radial wave
function of nucleons. In our calculation, we simply let nucleons take a radial wave function
of the Gaussian form. At the NN threshold the 3P0 model gives
σ(e+e− → pp)
σ(e+e− → nn) =
81
16
(7)
This is a very general result, independent of the effective coupling constants and also in-
dependent of the size parameter of the Gaussian-type nucleon radial wave function. The
result is clearly not in line with the experimental data, and hence one may conclude that
the one-step process can NOT be dominant for e+e− → NN at threshold in the 3P0 model.
III. REACTION e+e− → NN IN TWO-STEP PROCESS
In addition to the one-step process, the reaction e+e− → NN may arise from the process:
the primary qq pair forms a virtual vector meson first, then the virtual vector meson decays
into a baryon pair (as shown in FIG.3), as in the context of the vector dominance model.
We refer to this process as the two-step reaction. The corresponding transition amplitude
then takes the form
FIG. 3: Two-step process in which the primary qq pair forms a virtual vector meson first, then the
virtual vector meson decays into a baryon pair.
T = 〈π+π−|Vqq|ρ〉〈ρ∗(ω∗)|G|ρ(ω∗)〉〈ρ∗(ω∗)|qq〉〈qq|T |e+e−〉 (8)
where 〈qq|T |e+e−〉 is the transition amplitude of e+e− to a primary quark pair, 〈ρ∗(ω∗)|qq〉
is simply the wave function of the intermediate vector meson ρ∗(ω∗), 〈ρ∗(ω∗)|G|ρ∗(ω∗)〉
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the Green function describing the propagation of the intermediate meson ρ∗(ω∗), and
〈NN |Vqq|ρ∗(ω∗)〉 the transition amplitude of ρ∗(ω∗) annihilation into a NN pair. Vqq is
the effective vertex for creation and destruction of two quark-antiquark pairs in the 3P0
quark models, taking the form
Vqq ≡ V25 1
∆E
V34 (9)
where 1/∆E, accounting for the energy propagation between the two qq vertices, is simply
set by associating an equal share of Ec.m. to each valence quark [11, 12, 13], and Vij as
defined in eq. (5).
Based on the evaluations for the reactions ρ∗(ω∗) → NN and ρ∗(ω∗) → e+e−, it is
straightforward to work out the transition amplitude of the two-step diagram shown in
FIG.3 for the reaction e+e− → NN with the intermediate mesons ρ∗ or ω∗
Te+e−→NN = Tρ∗(ω∗)→NN
1
E −Mρ∗(ω∗)Te
+e−→ρ∗(ω∗). (10)
The transition amplitude for the process ρ∗(ω∗)→ e+e− is
Tρ∗(ω∗)→e+e− = 〈e+e−|T |qq〉〈qq|ρ∗(ω∗)〉
=
∫
d~pq d~pq
(2π)3/22Eq
δ(~pq + ~pq)ψρ∗(ω∗)(~pq, ~pq) Tqq→e+e−(~pq, ~pq) (11)
where ψρ∗(ω∗) is the wave function of the ρ
∗(ω∗) meson in momentum space. The delta
function δ(~pq + ~pq) indicates that we work in the ρ
∗(ω∗) meson rest frame. Tqq¯→e+e− ≡
〈e+e−|T |qq¯〉 is the transition amplitude of the reaction of a quark-antiquark pair to an
electron-positron pair, taking the form
〈e+e−|T |qq¯〉 = −eqe
s
u¯e(pe−, me−)γ
µve(pe+ , me+)v¯q(pq¯, mq¯)γµuq(pq, mq) (12)
where s = (pq+ pq¯)
2, eq is the quark charge, and the Dirac spinors are normalized according
to u¯u = v¯v = 2mq. Note that only the P -wave contributes to the process e
+e− → NN since
the spin of the intermediate ρ∗(ω∗) is 1.
Listed in Table I are confirmed and reported vector mesons up to the NN threshold
[14, 15, 16]. Among them ρ(2000) and ω(1930) are close to the NN threshold and hence
are believed to contribute largely to the two-step process of the e−e+ → NN reactions. The
investigation of the reaction e−e+ → πω reveals that the experimental data strongly prefer
ρ(1450) and ρ(1700) being dominantly 2S and 1D particles, respectively [17]. One may
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TABLE I: Vector mesons with masses up to the NN threshold.
1S ρ(770) ω(782)
2S ρ(1450) ω(1420)
1D ρ(1700) ω(1650)
3S or 2D ρ(2000) ω(1930)
correspondingly assign ω(1420) and ω(1650) to 2S, 1D state or their mixtures. Therefore,
ρ(2000) and ω(1930) are likely to be 3S or 2D states or mixtures of the 3S or 2D states.
TABLE II: Model parameters in the work.
aλ(aρ) 2.0 GeV
−1
b 3.85 GeV−1
λ25 1.0
λ34 2.6
ρ(2000) 2000 + i300 GeV
ω(1930) 1930 + i150 GeV
There are a number of model parameters which must be nailed down or taken from other
works prior to any calculation which may poss some predictions. Listed in Table II are the
model parameters and their values employed in the work. The size parameters aλ(aρ) of the
radial wave function of nucleons are taken from the works [18, 19]. The size parameters b of
the radial wave function of the vector mesons ρ∗ and ω∗ is let to be the same as the one for
the ρ(770) meson, which is determined to be b = 3.85 by the reaction ρ(770)→ e−e+. Using
as an input Mρ = 0.7758 GeV and the experimental value of Γρ0→e+e− = 7.02 ± 0.11 KeV,
we get b = 3.85 GeV−1 for the size parameter of the ρ meson with the spatial wave function
set up in the harmonic oscillator approximation [13, 17]. The size parameter b might be
slightly different from meson to meson.
The vertex V25 is similar to the one for the reaction of one meson decay into two mesons,
thus we let λ25 = 1.0 which gives the decay width of the ρ meson via the decay process
ρ → ππ in the 3P0 models [13, 17]. However, the determination of the effective coupling
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constants λ34 is rather tentative. In this work we just let λ34 = 2.6 which leads to the
branching decay width Γ = 31 MeV for the reaction Σ(1385) → Λπ in the 3P0 model
where one uses a = 2.0 GeV−1 and b = 3.85 GeV−1 for the involved baryons and meson,
respectively. The masses and decay widths of the mesons ρ(1930) and ω(2000) are taken
from the works [15, 16].
In FIG.4 we give the model predictions for the ratio of the cross section of the reaction
e+e− → pp to the one of the reaction e+e− → nn in the two-step reaction. The ratio is
independent of the effective coupling constants λ25 and λ34 and insensitive to the nucleon
and meson size parameters a and b. Various combinations of 3S and 2D states for the
ρ(2000) and ω(1930) mesons have been studied. It is found from FIG. 4 that the ratio is
well larger than 1 with a S-wave ω(1930) no matter whether the ρ(2000) meson is a S-wave
or D-wave state. With ω(1930) being a D-wave meson, however, either a S-wave or D-wave
ρ(2000) gives a result, as shown in FIG. 4, in line with experimental data at NN threshold.
One may conclude that the experimental data of the cross section ratio rule out a S-wave
ω(1930) but have no clear indication over the ρ(2000) meson.
The cross sections for the reactions σ(e+e− → pp) and σ(e+e− → nn) are evaluated for
two cases: (1) the intermediate mesons ρ(2000) and ω(1930) are respectively in the 3S and
2D states; (2) the ρ(2000) and ω(1930) mesons are both in the 2D state. It is found that the
theoretical results of the cross sections for both the reactions e+e− → pp and e+e− → nn
with a 2D ρ(2000) and a 2D ω(1930) as the intermediate mesons is much smaller than the
experimental data, and hence one may comfortably conclude that the ρ(2000) is unlikely to
be a pure D-wave meson. Shown in the upper panel of FIG. 5 are the theoretical results for
the cross section of the reactions σ(e+e− → pp) and σ(e+e− → nn) with the intermediate
mesons ρ(2000) and ω(1930) being respectively the 3S-wave and 2D-wave particles. The
results are in line with the experimental data.
Considering that the ρ(1700) is not far from the NN threshold and posses a large decay
width, it is necessary to have the ρ(1700) meson included as an intermediate meson for the
two-step process of the reactions e+e− → NN . The investigation of the reaction e+e− → ωπ
in the 3P0 model [17] reveals that the ρ(1700) meson is dominantly a 1D-wave particle.
Shown in the middle panel of FIG. 5 are the theoretical results with the intermediate mesons
ρ(1700), ρ(2000) and ω(1930) being respectively in the 1D, 3S and 2D states. In the
calculation the mass and width of the ρ(1700) are taken from [14] to be 1720 MeV and 250
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FIG. 4: Model predictions for the cross section ratio σ(e+e− → pp)/σ(e+e− → nn). The solid,
dashed, dash-dotted and dotted curves are for the results with a 3S ρ(2000) plus a 2D ω(1930),
a 2D ρ(2000) plus a 2D ω(1930), a 2D ρ(2000) plus a 3S ω(1930), and a 3S ρ(2000) plus a 3S
ω(1930), respectively.
MeV. Compared to the results in the upper panel of FIG. 5, one finds that the ρ(1700) gives
a sizable contribution. The theoretical predictions with the intermediate mesons ρ(1700),
ρ(2000) and ω(1930) being respectively in 1D, 3S and 2D states are obviously larger than
the experimental data.
As mentioned above, the values for the effective coupling constants, particularly for λ34, is
rather tentative. Therefore, one may consider to employ a little bit smaller coupling constant
λ34 to lower down the theoretical results. However, it is found that though by employing
smaller coupling constants the theoretical results are improved for the region Ec.m. > 2.0
GeV, the behavior of the theoretical results close to the NN threshold is rather poor. An
alternative way to improve the theoretical predictions is to let the ρ(2000) have some D-
wave component. Shown in the lower panel of FIG. 5 are the theoretical results with the
intermediate mesons ρ(1700) and ω(1930) being respectively pure 1D and 2D states but the
ρ(2000) being the mixture of half 3S and half 2D waves. The theoretical results in the lower
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FIG. 5: Model predictions for the cross sections of the reactions e+e− → pp (solid curves) and
e+e− → nn (dashed curves): Upper, middle and lower panels are for the two-step processes with
a 3S ρ(2000) plus a 2D ω(1930), a 3S ρ(2000) plus a 2D ω(1930) plus a 1D ρ(1700), and a
half 3S and half 2D ρ(2000) plus a 2D ω(1930) plus a 1D ρ(1700) as the intermediate mesons,
respectively. Solid diamonds are the FENICE experimental data on the reaction e+e− → nn, while
other symbols represent data on the reaction e+e− → pp, as in FIG. 1.
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FIG. 6: Time-like proton form factor extracted from the theoretical cross section for the reaction
e+e− → pp derived with a 1D ρ(1700), 2D ω(1930) and a half 3S and half 2D ρ(2000) as the
intermediate mesons for the two-step process of the reactions e+e− → NN .
panel of FIG. 5 are well in line with the experimental data and, especially, the threshold
behavior of the theoretical predictions are largely improved.
The model prediction, as shown in FIG. 6, for the time-like proton form factor is extracted
from the theoretical cross section, shown in the lower panel of FIG. 5, of the reaction
e+e− → pp, where a 1D ρ(1700), 2D ω(1930) and a half 3S and half 2D ρ(2000) are
employed as the intermediate mesons for the two-step process of the reactions e+e− → NN .
The employed model parameters, as listed in Table II, are all determined by other processes
or taken from other works. The theoretical prediction is well consistent with experimental
data.
IV. DISCUSSION AND CONCLUSIONS
The reactions e+e− → NN at energy threshold are studied in the 3P0 non-perturbative
quark model. The work suggests that the two-step process, in which the primary qq pair
forms first a vector meson which in turn decays into a hadron pair, is dominant over the
one-step process in which the primary qq pair is directly dressed by additional qq pairs to
form a hadron pair.
The puzzling experimental result that σ(e+e− → pp)/σ(e+e− → nn) < 1 can be under-
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stood in the framework of the phenomenological nonrelativistic quark model. The theoretical
prediction for the time-like proton form factor at energy threshold is well consistent with
the experimental data. All parameters employed in the model, except the ones describing
the mixture of the S and D waves for the intermediate vector mesons ρ(2000) and ω(1930),
are not free but determined by other reactions.
The experimental data of the reactions e+e− → nn and pp strongly suggest the reported
vector meson ω(1930) to be a 2D-wave particle, while the vector meson ρ(2000) is preferred
to be a mixture of the 3S and 2D states.
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